Since the liposomal formulation of linoleic acid (LA) exhibited an enhanced skin-whitening effect, the influence of liposomalization on the cutaneous absorption of LA was examined using a three-dimensional (3D) reconstructed skin model. Liposome entrapped [ 14 C]-LA was applied on the skin model, and the permeation of LA through the skin was monitored. The permeation rate of LA in the liposomal formulation was found to be lower than that in the conventional formulation without liposomes, suggesting the increased retention time of LA in the skin by the liposomal formulation. Next, to investigate the dependence of the LA permeation on melanocyte conditions and intactness of the reconstructed skin model, the effect of UV irradiation on LA permeation was examined. Low-dose UVB irradiation (0.03 J/cm 2 for 3 times), which activated melanocytes in the skin, did not influence the extent of LA permeation, while high-dose irradiation (0.30 J/cm 2 for 3 times) enhanced the permeation of LA in both the conventional and liposomal formulation. The present results suggest the importance of skin intactness for LA permeation and that the 3D reconstructed skin model would be useful for evaluating the characteristics of skin-oriented cosmetics and drugs.
There are a number of reports on the transdermal application of liposomes entrapped in various drugs and bioactive substances. [1] [2] [3] We previously observed that linoleic acid (LA) had a skin-whitening effect 4, 5) and that the liposomal formulation of LA had hypopigmenting effects in clinical trials for skin hyperpigmentary disorders such as melasma. 6) Practical usage of whitening reagents has become increasingly important. Compared to previously reported reagents, LA is not only effective in whitening but also safe. 7) We previously demonstrated that LA did not suppress the catalytic activity of tyrosinase but decreased the amount of tyrosinase. 8) The detailed mechanism of skin-whitening effects induced by LA, however, is still unclear.
Most reports on liposomal transdermal applications indicated that liposomes decrease the toxicity of drugs by controlling their release or influencing the skin penetration rate of encapsulated drugs. [9] [10] [11] However, in the case of the skinwhitening effect of liposomal LA, liposomes enhanced the original efficacy of the drug. 12) Therefore the mechanism of the enhancement of the effect by encapsulating LA into liposomes attracts interest. Towards the goal to elucidate the mechanism, we investigated the dependence of the permeation rate of LA through skin tissue and lasting rate of LA in the skin surface and skin tissue on the formulation of LA, i.e., the conventional formulation without liposomes (non-liposomal LA) or liposomal formulation using a three-dimensional (3D) reconstructed skin model. Furthermore, the permeation rate of LA in various formulations was also examined under different skin conditions, i.e., intact or UV irradiated.
MATERIALS AND METHODS

Chemicals
Soybean lecithin with more than 90% phosphatidylcholine (Phospholipon 90) was obtained from Nattermann Phospholipid GmbH (Germany), and LA (Extralinoleic 90) was from NOF Co. (Japan). [1- 14 C]-LA (7.22 MBq/mg) ([ 14 C]-LA) was purchased from Amersham (U.S.A.). HiVis-Wako 104 (Wako, Japan) was used as a hydrophilic gel reagent.
Sample Preparation Liposomes were prepared using thin lipid film hydration methods. 13) In brief, LA with a trace of [
14 C]-labeled LA and soybean lecithin (1/4 weight ratio) were dissolved in chloroform. After removal of the organic solvent under reduced pressure and storage in vacuo for at least 1 h, the resulting thin lipid film was hydrated with distilled water. This liposomal suspension was then extruded three times through a polycarbonate membrane filter (200-nm pore size). The liposomal suspension obtained was mixed with hydrophilic gel (pH 6.6). The control formulation (nonliposomal LA) was simply prepared by mixing radiolabeled LA with the hydrophilic gel. The final concentration of LA in both hydrophilic gels was 0.1% (w/w).
Characterization of Liposomes The size distribution of liposomes was determined by quasielastic light scattering analysis 14) employing a submicron particle sizer (NICOMP 370, Particle Sizing Systems, U.S.A.). The mean diameter of the liposomes was 126Ϯ44 nm. The morphology of liposomes was monitored with a transmission electron microscope (JEM-100SX, Jeol, Japan) operated at 80 kV after the sample was negatively stained with 1.0% (w/v) phosphotungstate solution (Sigma, U.S.A.). 15) As shown in Fig. 1 , the electron micrograph showed that the LA containing liposomes were multilamellar vesicles.
Permeation and Distribution Assay The 3D reconstructed skin model (MEL-300-A) was purchased from Kurabo (Japan), which is schematically shown in Fig. 2 . This skin model is a coculture of normal human melanocytes and keratinocytes that are cultured in serum-free medium to form a 3D, highly differentiated, skin-like tissue. The skin models were cultured for 7 d before application in EPI-100-LLMM, a culture medium attached skin model kit, supplemented with 2% (v/v) heat-inactivated (56°C, 30 min) fatty acid-free fetal bovine serum (HyClone Laboratories Inc., U.S.A.) at 37°C in a humidified atmosphere containing 5% CO 2 . Aliquots (100 ml) of the cultivated medium were taken at selected intervals after application of the samples and mixed with a scintillation cocktail (10 ml, HionicFluor, Packard, U.S.A.) for the measurement radioactivity. When evaluating the distribution of LA, the skin models were cultured for 3 d before application in the above conditions. The donor side of the 3D skin model was washed 5 times with phosphate-buffered saline (PBS, 100 ml) containing 1% (w/v) Tween 20 (Tokyo Kasei Kogyo Co., Ltd., Japan) 24 h after application to recover LA on the skin surface in donor samples. The collected washings were mixed with the scintillation cocktail (10 ml) for measurement of radioactivity. The washed skin tissues of 3D reconstructed skin models were removed from the model cup and soaked in resolvent (500 ml, Solvable, Packard, U.S.A.) for 6 h at 60°C. The obtained lysate was mixed with the scintillation cocktail (10 ml) for the measurement of radioactivity.
16)
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UVB Irradiation UVB irradiation of the 3D reconstructed skin models was performed as follows using a UV lamp (ToRex FL20S-E-30/DMR, Toshiba, Japan): Two groups of skin model were irradiated with UVB at the intensity of 0.500 mW/cm 2 , where the total energy dose was 0.03 J/cm 2 for one group and 0.30 J/cm 2 for the other. The skin models were exposed to UVB radiation every other day 3 times. The control group was not irradiated. To evaluate the effects of UV-irradiation on melanocytes, the skin was observed every day with a microscope. The skin permeation assay was performed on day 7.
RESULTS AND DISCUSSION
At first, the rate of permeation of radioactive LA through 3D reconstructed skin tissue was measured as a function of incubation time. The results are shown in Fig. 3 , where the abscissa represents incubation time and the ordinate the permeation rate of LA (%). As shown in the figure, the permeation rate of LA increased with incubation time and the rate was about one-half for all the times examined when LA was liposomalized. The distribution of LA 24 h after application in this permeation test is shown in Fig. 4 . This figure shows that LA encapsulated into liposomes remained longer on the skin surface than non-liposomal LA. It is possible that the delayed permeation of LA through skin tissue of the liposomal formulation causes LA molecules to remain longer in skin tissue than LA alone. In fact, the amount of LA permeated through the model skin at 24 h was reduced by about 35% by the liposomal formulation, although LA in the skin was only 20% reduced by the formulation (Fig. 4) .
If liposomal LA remains longer in the skin than non-liposomal LA, it may result in longer interaction of LA with melanocytes in the skin tissue than LA alone. The longer retention of LA in skin tissue would be related to our previous observation that LA encapsulated in liposomes had good whitening effects in vivo. 12) This suggests that the design of better liposomes or other methods to allow LA a longer time in skin tissue is important to obtain better whitening effects of LA. It is also suggested that the measurement of skin permeation of LA using a 3D reconstructed skin model would 880 Vol. 27, No. 6
Fig. 1. Morphology of Liposomes Used in the Present Study
Liposomal LA was prepared as described in Materials and Methods. A negatively stained electron microphotograph of the liposomal sample is shown. Scale bar indicates 200 nm.
Fig. 2. 3D Reconstructed Skin Model and Penetration Assay System
The skin models were cultured in 1 ml of EPI-100-LLMM supplemented with 2% (v/v) heat-inactivated (56°C, 30 min) fatty acid-free FBS at 37°C in a humidified atmosphere containing 5% CO 2 . Samples were applied on the skin in a total volume of 0.05 ml. Aliquots of culture medium were collected at selected times to determine the amount of permeated solutes. make it possible to estimate the whitening effects of various LA formulation.
The total amount of LA in the skin 24 h after application of liposomal LA, however, was lower than that after the application of LA alone (Fig. 4) . We previously reported that topical application of liposomal LA resulted in more effective whitening at a lower concentration of LA than LA in hydrogel.
12) It is difficult to evaluate the direct correlation of the amount of LA in skin tissue with whitening, since polyunsaturated fatty acids like LA exist in the stratum corneum in lipid form in human epidermal tissue. 17, 18) Therefore, it is possible that the liposomalization of LA increases the availability of LA to melanocytes in addition to suppressing permeation of LA through the skin. Alternatively, the liposomal formulation may alter the topologic distribution of LA in the skin. In the present study, however, we could not measure the actual amount of LA in melanocytes. Therefore, further experiments will be needed to clarify the actual mechanism of enhanced whitening by the liposomal formulation of LA.
In the experiments described above, activation of the melanocytes in skin tissue by UVB irradiation was not carried out. It is, however, important to examine the effects of LA when melanocytes are activated by UVB irradiation and when the production of melanin pigment is increased. Therefore we next conducted experiments using UVB-activated skin.
Skin permeation of LA was measured in the same 3D reconstructed skin models irradiated with a mild dose of UVB (0.03 J/cm 2 ) that would activate melanocytes without further damage to the skin model. The results are shown in Fig. 5 (A, control; B, mild UVB exposure). The permeation rate of LA was equal between both tissues, irrespective of UVB irradiation. The permeation rate of the liposomal formulation and LA alone in both tissues was also the same.
On the other hand, melanocytes were apparently activated, since the cells were found to undergo morphologic changes due to this mild dose of UVB irradiation (0.03 J/cm 2 ), as shown in Fig. 6B . These results suggest that the extent of skin permeation of LA does not correlate directly with whether the melanocytes are activated. This is reasonable if the permeation of LA does not depend on the uptake of LA into melanocytes but on the penetration and removal of LA in skin structures. It is also possible that the local LA concentration in melanocytes is increased by UVB irradiation.
Next, we irradiated the skin with a 10-fold higher dose of UVB (0.30 J/cm 2 ) than in the above experiment. In this case, significant morphologic changes in melanocytes were observed (Fig. 6C) , indicating that the cells in skin tissue were severely damaged. Interestingly, the skin permeation of LA Liposomal LA (open bars) or LA alone (closed bars) was applied on the 3D reconstructed skin models. The distribution of LA was monitored 24 h after sample applications. Significant differences from the control are indicated ( * * * pϽ0.001). was increased with this dose of irradiation for both formulations (Fig. 5C ) compared with the non-irradiated control. This indicates that LA penetrates into skin tissue damaged by a high-dose UVB (0.30 J/cm 2 ) more easily than into nondamaged, intact skin tissue, and the same phenomenon was observed for LA in the liposomal formulation (the same may be true for against various other agents).
These results indicate that the permeation rate of LA through skin tissue is affected strongly by the physical structure of skin tissues, including cell membrane structures, and/or mutual interactions between skin tissue and LA-containing liposomes or LA itself, since it was reported previously that UVB irradiation influenced skin structure and physiology. 19, 20) The results presented here suggest the importance of the rational design of formulations that will allow effective interaction of LA with melanocytes for the development of effective whitening systems using unsaturated fatty acids.
